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tS-n Abstract A hybrid waveguide structure is disclosed comprising a combination of buried waveguide sections and ridge wave- 
Se sSnso^tS^es»b?tn«e. sharing a common core layer (2). H^e buried waveguide -'^^ P^^^^^ 
desirable for couplers and other device components, wheieas the ridge waveguide sections provide the high index contrast ne«l«l 
tr^ienlSSTgy^i^y curved waveguMes. The devices are fabricate starting from a low index contrast buned wavegu de 
S^^g^^i^^^^i^--iy removed by etching down from an upper surface (8) either side of the waveguide core (2 )^ a 
fowef s^S"?). This forms an enhanced index contrast ridge section of ti.e waveguide. THe other 

«main buried and thus ..tain lower index contrast. Using this approach, a variety of optical devices. '^^S^^Sef^^ 
Lr^rop multiplexers for WDM applications based on microrings or Mach-Zehnder mterferometej,, can 

sizes of sever^ micix,ns using silica^n-glass or silica^n-silicon technology, for example, and without having to use nanofahncated 
semiconductor structures. 
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TTYBRID BURIED/RIDGF- PT.ANAR WAVEGUIDES 



RArKGRQUND OF THE INVENTION 

5 The invention relates to optical waveguide devices and to methods of 

fabricating optical waveguide devices. 

In the realisation of passive integrated optical devices there is often a preferred 
waveguide structure for each of the building blocks of the device. For example, it is 
easier to fabricate a high quaUty directional coi;5)ler in a low refractive index contrast 
10 waveguide. Refractive index contrast, or index contrast for short; refers to the size of 
the refractive index difference between the core material and cladding material of the 
waveguide. A low index contrast is also preferable for fabricating many other optical 
component building blocks. By contrast, a bent or curved waveguide will tend to 
require a high refractive index contrast waveguide. GeneraUy, the smaUer the bend 

15 radius, the larger the refractive index contrast that will be required to keep bend losses 

to an acceptable level. 

Some optical devices include a mixture of components, some of which that are 
best made with lovf index contrast waveguides and others of which that are best made 
with high index contrast waveguides. If such a device is to be made integrated on a 
20 single chip or substrate, there is then the problem of how to satisfy the conflicting 
requirements of the dififerent components of the device. 

One example of a device with such conflicting requirements is a ring resonator. 
Ping resonators are described in references [13,[2],[33 and [4]. These known ring 
resonators comprise a ring waveguide in combination with one or two straight 
25 waveguides that are arranged,itangentially to the ring waveguide in order to couple to a 
circumferential portion of the ring waveguide. In this case, the coupling region is 
increasingly difficult to fabricate as the index contrast increases, whereas without 
sufficient index contrast bending losses in the ring will be too high. 

Prior art micro-iing resonator designs are now reviewed in more detail. Large 
30 radius ring resonators, with radius values of the order of millimetres, have been 
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realisable for some time. Large radius ring resonators are useful for the 
characterisation of the propagation losses of low index contrast waveguides and for the 
extraction of a specific emission line jfrom a laser. These devices have been realised in 
planar lightwave circuit (PLC) technology, with low propagation loss and good fibre 
5 coupling. However, because of the low refi-active index contrast of such devices, the 
minimum bend radius achievable is quite large, being several millimetres, and the free 
spectral range (FSR) is consequently quite small, for example only a few GHz using 
conventional glass on silicon technology with an index contrast of 0.7% (e.g. 8 - 12.5 
GHz in reference [10]). 
10 To be able to use a ring resonator device as a filter in a wavelength division 

multiplexed (WDM) system for signal processing, a much larger FSR woidd be 
needed, which in turn would require a much smaller bend radius of tiie ring resonator. 
A bend radixis of a few hxmdreds of micrometers or less is necessary. 

Small radius micro-cavity ring and disk resonators with a radius of 5 
15 micrometers have been demonstrated with deep etched GaAs/AlGaAs waveguides [2]. 
However, such waveguides are less than half a micrometer wide and present very high 
propagation and fibre-coupling losses. They also require an excellent nanofabrication 
process, based on electron-beam Uthography and inductive-coupled plasma ion etching 
in order to achieve the necessary very-deep, ultra-smooth and vertical sidewalls witia 
20 gaps as small as 150 nm and as deep as 2.5 pm. The realisation of a good quality 
directional coupler is a critical issue in high index contrast waveguides, such as these 
deep etched GaAs/AlGaAs waveguides. 

Micro-ring glass resonators have also been demonstrated in the form of an air- 
clad glass micro-ring vertically coupled to buried channel waveguides [3]. An 
25 integrated optic ring resonator has also been fabricated with two stacked layers of 
silica waveguides on silicon [4]. In botii references [3] and [4], buried waveguide 
chaimels serve as input/output waveguides, allowing both low fibre-coupling losses 
and a controlled mode-coupling in the directional-coupler region. However, these 
metiiods require two steps of botii deposition and etch of the waveguide core, and the 
30 alignment of the second waveguide core to the first one is very critical. 
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Apart from ring resonators, there are many other devices that need low index 
contrast, but would benefit from the possibility of having low-loss, tightly bending 
waveguide sections. As an example, it is well known that for filter design, the higher 
the order, the better shaped is the transfer function [5]. But the higher the order of the 
5 filter the longer the device. However, there is always a limited wafer size in an 
integrated optic process, which may limit the number of stages of the filter. As a 
concrete example, a l-from-4 add/drop filter reaUsed by a cascade of Mach-Zehnder 
interferometers with 5/6 stages (and SiON technology) requires a chip with dimensions 
of 75 X 5.6 mm [6]. This clearly requires a large wafer size. The design constraint of 
10 wafer size could be removed if the (linear) device could be divided into sub-sections, 
each sub-section being connected by a low-loss bent waveguide. But this is not 
generally possible, since a device component such as a Mach-Zehnder interferometer 
needs a low index contrast fabrication for good quality, which in turn precludes being 
able to provide low-loss bent waveguides with a small enough bend radius. 
15 Still more generally, for any integration process, it is desirable to pack as many 

devices onto a single chip. In this respect, integration of planar optical devices is no 
different from other forms of integration [7]. For waveguide devices, high packing 
densities will be difficult to achieve without low-loss tight waveguide bends. 

It would therefore be highly desirable in the fabrication of ring resonators, 
20 optical add/drop multiplexers and a variety of other optical devices, if high and low 
refractive index contrast waveguide sections could be conveniently combined on a 
single chip. The high refractive index contrast waveguide sections could then be used 
for low-loss tight bends, v/hertas the other device components could be realised in low 
refractive index contrast waveguide sections to optimise their quahty. 
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STTMMARY OF THE INVENTION 

According to the invention there is realised a waveguide structure comprising a 
combination of buried waveguide sections and ridge waveguide sections on the same 
substrate, sharing a common core layer. The buried waveguide sections thus provide 
5 the low index contrast dearable for couplers and other device components, whereas 
the ridge waveguide sections provide the high index contrast needed for efficient low- 
loss curved waveguides. The hybrid structure is fabricated starting fiom a low index 
contrast buried planar waveguide. Cladding material on at least one side of the 
waveguide core is then removed, e.g. by etching, to enhance the index contrast in that 
10 section of the waveguide. The other sections of the waveguide core remain buried and 
thus retain low index contrast 

Using this ^proach a variety of optical devices, such as add/drop multiplexers 
for WDM appUcations, can be made with large feature sizes of several microns using 
silica-on-glass or siUca-on-siHcon technology, for example. Specifically, there is no 
15 need to resort to nanofabrication technology using difficult or costiy techniques such 
as electron beam Uthography or inductive-coupled plasma ion etching. 

The invention thus enables fabrication on a single chip of an optical device 
having a mixture of high and low index contrast waveguide sections, thus allowing 
independent optimisation of parts of the device which had hreconcilable design 
20 requirements in prior art fabrication methods. 

Further, the invention aUows low-loss bends, such as L-bends or U-bends to be 
made wherever desired on a chip by removing material to form an exposed lidge 
section, thereby aUowing better use of the space available on a chip. Higher device 
packing densities are thus easily achievable in integrated waveguide devices, hi one 
25 example described further below, ridge section U-bends are used to fonn a multiple 
cascade of Mach-Zehnder interferometers made out of buried waveguide sections. 

A transition section is advantageously arranged between a buried and ridge 
waveguide section to pro^dde very low transition losses. The transition section can be 
formed by tapering, preferably adiabatically. the lateral dimensions of the cladding 
30 layer beside the core of the waveguide so that the lateral cladding thickness increases 
firom a low (possibly zero) value in tiie ridge section to a high (typically effectively 
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infinite) value in the buried waveguide section. In this context, 'effectively' infinite is 
meant to describe that the lateral cladding thickness is sufficiently large that 
substantially no field of the fundamental waveguide mode extends beyond the lateral 
cladding. With this tapered transition section, coupling of the respective propagation 
5 modes in the buried and ridged waveguide sections is effected by mode adaptation in 

the transition section. 

In embodhnents of the invention, the waveguide is single mode, preferably 
both in the buried and ridge sections, although multimode behaviour may be of interest 
in some applications. 

10 It is believed that this kind of transition based on modulation of the cladding 

thickness beside the core has not previously been contemplated. By contrast, prior art 
designs of such transitions rely mstead on modulation of the thickness of the 
waveguide core itself as described in references [8] and [9]. 

The invention may be embodied m waveguide structures operable over a wide 

1 5 range of wavelengths and using a wide range of waveguide fabrication technologies. 
Specifically, waveguide structures operable hi the first, second or thhd 
telecommunications windows can be fabricated, e.g. a wavelength range of between 
750 to 1650 nm can be accessed. 

According to a first aspect of the invention, there is provided an optical device 

20 comprising a waveguide havmg a core extending m a plane between a buried section 
of the waveguide lying below an iq)per surface of the optical device and a ridge section 
of the waveguide havmg side surfaces extending below the upper surface beside the 
core, thereby to provide enhanced lateral confinement of waveguide modes m the ridge 
section. 

25 hi one embodunent, the ridge section of the waveguide comprises lateral 

cladding between the core and the side surfeces of the ridge section- The lateral 
cladding in the ridge section may have a width of between 0.1 and 1 microns. 

Li another embodiment, in the ridge section of the waveguide, the core extends 
laterally to the side surfaces of the ridge section. 

30 A transition section may be provided interconnecting the buried and ridge 

sections, the transition section comprising lateral claddmg havmg a width that 
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increases from the ridge section to the buried section to increase the effective 
refractive index of the fundamental mode of the waveguide from a lower value in tiie 
ridge section to a higher value in Ihe buried section. The cladding width may be varied 
adiabatically in the transition section, thereby to suppress transition losses. 

5 The core may describe a bend in the ridge section of the waveguide. The 

waveguide may be single mode both in the buried section and the ridge section. 

An upper cladding layer may be arranged between the upper surface and the 
core, or the bimed section may lie directiy below the upper surface 

According to a second aspect of the invention there is provided a method of 

10 fabricating a waveguide structure starting from a buried waveguide structure 
comprising a buried waveguide core lying below an upper surface, tiie method 
comprising removal of parts of the bxaried waveguide structure beside the coreto form 
a ridge containing the core, thereby creating a hybrid buried/ridge waveguide structure 
having a continuoiis common core with enhanced lateral confinement of waveguide 

1 5 modes in the ridge. 

The ridge may comprise a bend. 

According to a third aspect of the invention there is provided an optical device 
comprising first and second cascades of Mach-Zehnder iaterferometers implemented 
in respective first and second buried waveguide structures and an interconnecting ridge 

20 waveguide structure sharing a common core with the first and second buried 
waveguide structures and describing at least one ridge waveguide bend. 

The bend may be U-shaped to provide a half turn, with the first and second 
cascades being arranged side by side. The ridge waveguide bend may have a radius of 
between 200 microns and 5 cm, more especially of between 1 mm and 1 cm. 

25 According to a fourth aspect of the invention there is provided an optical 

device comprising first and second linear waveguides and at least one ring waveguide 
arranged therebetween so as to form first and second couplers with the first and second 
liaear waveguides at respective first and second tangential coupling regions 
comprising first and second coupling sections of the at least one ring waveguide and 

30 adjacent first and second coupling sections of the first and second linear waveguides. 
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vdierein the first and second coupling sections of the ring and linear waveguides are 
buried, whereas further sections of flie at least one ring waveguide are ridges. 

The furflier sections may have a bend radius at least five times larger than a 
bend radius of the coupling sections of the at least one ring waveguide. 

5 
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BRIEF PESCHRIPTION OF THE DRAWINGS 

For a better understanding of the invention and to show how the same may be 
carried into effect reference is now made by way of example to the accompanying 
drawings in vdiich: 

5 

Figure 1 is a schematic perspective view of a buried waveguide section of an 
optical device; 

Figure 2 is a schematic perspective view of a ridge waveguide section of an 
10 optical device; 

Figure 3 is a schematic pergjective view of a transition waveguide section of 
an optical device; 

1 5 Figure 4 is a schematic plan view of the transition waveguide section of Figure 

3; 

Figure 5 is a graph showing the variation of effective refractive index of the 
fundamental mode with lateral cladding width in an example; 

20 

Figure 6 is a plan view of a hybrid waveguide structure having a ridge 
waveguide section, as shown in Figure 2, interconnecting two buried waveguide 
sections, as shown in Figure 1, via respective transition waveguide sections, as shown 
in Figures 3 and 4; 
25 . 

Figure 7 is a schematic plan view of an add/drop jBlter according to an 
embodiment of tihe invention comprising first and second cascades of Mach-Zehnder 
interferometers, realised with buried waveguide sections, interconnected by U-bend 
ridge waveguide sections; 

30 

Figure 8 is a section through X-X of Figure 7; 
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Figure 9 is a schematic plan view of an add-after-drop filter according to an 
embodiment of the invention comprising first and second cascades of Mach-Zehnder 
interferometers, reaUsed with buried waveguide sections, interconnected by a U-bend 
5 ridge waveguide section; 

Figure 10 is a section through X'-X' of Figure 9; 

Figure 11 is a schematic plan view representative of fiarther embodiments of 
10 the invention comprising first and second integrated optical circuits interconnected by 
U-bend ridge waveguide sections; 

Figure 12 is a section through X"-X" of Figure 11; 

15 Figure 13 is a schematic plaa view of a ring resonator according to an 

embodiment of the invention; 

Figure 14 is a schematic plan view of a multiple ring resonator according to 
another embodiment of the invention; and 

20 

Figures 15A, 15B, 15C and 15D show schematic sections of three further types 
of buried waveguide structures in which the invention may be embodied. 



0235267A1_I_> 



wo 02/35267 



-10" 



PCT/IBOl/02725 



DETAILED DESCRIPTION 

Figure 1 is a schematic perspective of a buried waveguide section 50 which 
forms component part of an optical device of a first embodiment of the invention. In 
5 this embodiment, the example of a glass waveguide realised by silica on silicon 
fabrication is taken. The silica is doped with Ge to provide the desired level of 
refractive index contrast Other dopants could be used in alternative embodiments. 
The buried waveguide section comprises a generally rectangular section core 2 
extending in a plane beneath an vtpper surface 8 and surroimded by cladding material 

10 built up fi-om an upper cladding layer 6, a lower cladding layer 4 and two lateral 
cladding layers 10 on either side of the core 2. The silica waveguide structure is 
arranged on a silicon substrate (not shown). In alternative embodiments, other 
substrates such as glass (doped or undoped) may be used. The main role of the 
substrate is to provide mechanical support In this example of silica on silicon, the 

1 5 physical parameters are: 

reJBractive index of the core layer (@ 1550 nm) : 1.4697 
refractive index of the cladding layers (@ 1550 nm) : L4552 
core width : 4.5 jjm 
20 core thickness : 5 [xm 

lateral cladding thickness = core thickness : 5 }jm 
lateral cladding width (sb) : 9 |im 
upper cladding layer thickness : 6 fim 

25 Figure 2 is a schematic perspective of a ridge waveguide section 60 which 

forms a second component part of an optical device of the first embodiment The 
ridge waveguide section 60 is realised by fabricating or processing of a buried 
wavegmde section as shown in Figure 1. For example, the structure may be formed by 
the post-processing method of etching down from the upper surface 8 either side of the 

30 core 2 to form a ridge containing the core 2. The ridge waveguide section 60 thus has 
side surfaces 16 extending down firom the upper surface 8 beside the core to provide 
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enhanced lateral confinement of waveguide modes in the ridge. The etching is 
performed in this embodiment so that side surfeces 16 extend down past the core 2 to a 
lower surface 14 from which the ridge stands proud, with the core elevated above the 
level of the lower surface 14. More specifically, the etch is through not only the vjpper 
5 cladding layer 6 (6 micron thickness), and beside the core (5 micron thickness), but 
also extends further down into the lower cladding layer 4 by a further 9 microns 
(dimension 'f in the drawing). The side surfaces of the ridge thus have a total depth of 
20 m,6 \jm for the upper cladding, 5 ym for the core and 9 pm for the lower 
cladding (t). 

10 In alternative embodiments tiie dimension f may be varied between zero and 

about 2 or 3 times the core thickness. Generally, as f is increased from zero bending 
losses wUl decrease until a saturation is reached when the Ught field no longer extends 
sufficiently to interact with the lower surfece 14. The choice of f wiU also depend on 
the level of mode confinement, i.e. tiie refractive index contrast 

15 In further alternative embodiments the upper cladding layer 6 may be omitted 

or made very thin so that the upper surface 8 Ues directly in contact with the core 2 or 
Ues very close thereto. The required lateral confinement in the buried waveguide is 
still achievable. In this case, the buried waveguide may be termed a surface 
waveguide. 

20 Although not illustrated, in the example structures, siUca cladding extends 

below the lower surface 14, typically by a further 10 and 20 microns before the silicon 
substrate is reached. As a result, the silicon substrate has substantially no effect on the 
optical waveguiding of light confined by the core 2. 

In this embodiment, the ridge is sUghtly wider thau the core so that there is 

25 lateral cladding of width sr either between flie core 2 and the two side surfeces 16 of 
the ridge. The lateral cladding width sr is chosen in the range between 0.1 and 1 
microns for this structure. Provision of lateral cladding is beneficial since any 
roughness or width fluctuations in the etched side surfaces do not have such a major 
effect on the propagation efficiency of modes in the waveguide. If the lateral cladding 

30 width is zero, i.e. the etch passes through the sides of the core, care needs to be taken 
that the etch process provides highly smooth and straight side surfaces. 
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Figures 3 and 4 are respectively schematic perspective and plan views of a 
transition waveguide section 70 which forms a third component part of an optical 
device of the first embodiment. The transition waveguide section 70 is used to link 
buried and ridge waveguide sections 50 and 60. In the transition waveguide section 
5 70, lateral cladding is provided that widens gradually (i.e. tapers out) from the ridge 
section value sr to the buried waveguide section value sb- A linear taper is shown in 
the figure. This has the effect of increasing the effective refractive index of the 
ftmdamental mode of the waveguide from a lower value in the ridge section to a higher 
valiie in the buried section, as will be described in more detail shortly. The taper in the 

10 transition waveguide section is preferably adiabatic to suppress transition losses. The 
length of the taper is chosen according to the losses that can be tolerated. A more 
rapid taper gives higher losses, but also provides a shorter length of the transition 
waveguide section. This design trade-off can be made using standard beam 
propagation method (BPM) simulations. In the present example, the transition 

15 waveguide length, i.e. taper length, is chosen to be 100 microns. 

Figxnre 5 is a graph showing the variation of effective refractive index Ueff of the . 
fundamental mode of a silica waveguide, such as those of Figures 1 or 2, as a function 
of the lateral cladding width s, where s=sb for buried waveguide section and s=sr for 
ridge waveguide section. It is evident that the effective refractive index saturates 

20 above a certain cladding width, vMch is about 6 microns in tibis example. Moreover, 
for a significant effective refractive index reduction from the saturated value, it is 
evident that the cladding width needs to be reduced to weD below the saturation value, 
in this example below about 1 micron. 

In the present embodiment, both the buried and ridge waveguide sections are 

25 single mode. As the effective refractive index Ueff decreases when the lateral cladding 
is etched away, the waveguide dimensions are chosen so that the buried waveguide 
section is single mode, with the first odd mode slightly below the cut-off, and so that 
the ridge waveguide section has a mode that is sufficiently confined. Moreover, in this' 
embodiment, the core dimensions are the same in both the buried and ridge waveguide 

30 sections and, therefore, the effective refi:active index n^ff of the ridge waveguide 
section is very low, near the cladding refractive index, as is apparent from Figxare 5. 
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This is not a problem because the ridge waveguide section is used for making bends 
and the n^ff increases v^^en the waveguide is curved. Due to the increased refractive 
index contrast, the field in the curved ridge waveguide section is weU confined and the 
waveguide remains single mode. 
5 In the present embodiment, the cladding width sb for buried waveguide section 

is chosen to be above about 6 microns, i.e. a Avidth sufficiently large to ensure that the 
modal field is not significantly influenced by the air or other filling material that lies 
outside the cladding. In the specific example, a value of sb = 9 pm is chosen. For the 
ridge waveguide section, the cladding width sr is chosen to be below about 1 micron, 
1 0 i.e. a width small enough to ensure that the modal field has significantly overlap with 
the an: or other low index filling material outside the cladding. As discussed above, 
the requirements imposed on the etching process are less stringent if the cladding 
width Sr is not zero, preferably at least 0.1 microns with these materials. 

Figure 6 is a plan view of a hybrid waveguide structure bringing together each 
15 of the components discussed above. Namely, a ridge waveguide section IH, as shown 
in Figure 2, is arranged interconnecting two buried waveguide sections I and V, as 
shown in Figure 1, via respective transition waveguide sections II and IV, as shown in 
Figures 3 and 4. A hybrid buried/ridge waveguide structure is thus created having a 
continuous common core that extends in a plane, in some sections buried and in other 
20 sections emerging fixjm the buried sections to run along elevated, ridge sections. As 
will be ^predated from the above discussion of Figure 5, a mode travelling m the 
waveguide thus experiences variations in refractive index contrast along its path, with 
higher refractive index contrast in the exposed ridge sections and lower refiractive 
index contrast in the submerged, buried sections. Couplers and other device features 
25 can thus be fabricated in buried sections, vAxeceas, whenever a tight bend is required, 
the surface can be etched away to form a ridge section of high index contrast 

In the specific example, the variation in refractive index contrast is such that, 
whereas the minimum bend radius in the buried waveguide sections is 5 mm, it is only 
a few 100 microns in the ridge waveguide sections (depending on the cladding width 
30 Sr). a quite remarkable eflEect is thus achieved with this simple post-processing of a 
buried planar waveguide. Concrete examples of optical device structures 
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incorporating such a combination of (buried) couplers and (ridge) bends are described 
further below- 

Simulations carried out with the BPM method predict a- total loss of only 
.0.012dB from sections I to V of the structure shown in Figure 6. This very low loss is 
5 attributable to modal mismatch between the different sections of ttie structure. 

Having now described the basic components of buried and ridge waveguide 
sections, as well as the iQterconnecting transitions, some device examples 
incorporating these components are now described. 

Figure 7 is a schematic plan view of a filter, such as is useful for WDM 

10 systems, according to an embodiment of the invention. In the prior art [5], an add/drop 
filter based on a cascade of Mach-Zehnder (MZ) iaterferometers is a known device 
which has a long lengfli and thus requires a large diip. Utilising the hybrid 
buried/ridge waveguide structure described above, this conventional device can be 
made shorter, as illustrated. In tiie figure, the thick black lines indicate waveguide 

15 cores. The MZ cascade structure is evident, each half of the device comprising a first, 
straight waveguide core and a second, imdxilating \^^veguide core that repeatedly 
tangentially couples with the straight waveguide. The top surface of the chip is shown 
white and the lower surface is shown with hatching. The shortening of the device in 
the present embodiment is achieved by sub-dividing the MZ cascade into first and 

20 second cascades arranged in parallel side-by-side and each being realised with buried 
waveguide sections 50. The device has in input'output end (left side in the drawing) 
and a folded end (right side of the drawing) in which the first cascade is joined to the 
second cascade. At this folded end, the surface layer is etched away to elevate the core 
in ridge sections 60, as previously described Appropriate linear transitions sections 

25 70 are formed between the buried and ridge sections. The two adjacent MZ cores of 
the different MZ cascades are linked by a first U-shaped ridge section and the two 
remote MZ cores are intercoimected by a further U-baid ridge waveguide section. 
Taking the specific examples of silica waveguides discussed fijrfher above, bends with 
radii of curvature down to about 100 microns can be made without significant bending 

30 losses. 
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Figure 8 is a cross-section Ihrough the folded end of the device, as indicated by 
the section line X-X in Figure 7. As shown, the etching of tiie top layer has formed a 
number of trenches leaving the waveguide cores elevated in ridge sections. The 
etching leaves a track either side of the core, vMch are shown being sUghtly laterally 

5 offset from the core, but could cut through the core (sr=0). The width of the tracks 
should be sufficiently large to provide enough space for evanescent field decay of the 
waveguide modes in tiie air. In addition, for devices such as shown in Figure 8 where 
two or more ridges run alongside, tiie track widths need to be large enough to avoid 
undesired coupling between modes of adjacent ridge waveguides. Witii glass on 

10 silicon technology, the track widtiis should preferably be greater than about one 
micron. For semiconductors, track widtiis can be reduced to about 0.1 microns. There 
is of course no upper limit to the track width. If convenient, e.g. at a chip edge, tiie 
ridges can be free standing so that tiiere is effectively no track, at least on one side of 
such a ridge. 

1 5 Furthermore, it wiU be understood tiiat tiie trenches need not necessarily be left 

open, i.e. fiUed witii air or some otiier passivating gas, but could be overgrown witii a 
material of lower refractive index tiian the cladding material. Overgrowtii will 
generally not be performed for silica technology owing to the lack of a suitable 
material witii sufficiently low refractive index to provide a desired level of index 
20 contrast On tiie otiier hand, for semiconductor technology tiie waveguide core and 
cladding materials have much larger refractive indices so tiaat overgrowth witii a 
variety of materials is possible while retaining a desired level of index contrast 

Folding the MZ cascade in tills way into two, or if desired tiiree or more, 
separate cascades of shorter length is of course advantageous, since a smaller chip can 
25 be used. In addition, making tiie chip shorter helps reduce any problems arising from 
long-range fluctuations of tiie material parameters across tiie chip, e.g. a gradual 
change in tiie refractive index across tiie chip. Altiiough tiie same effect can be 
achieved by an optical fibre loop pigtailed to tiie chip edge, instead of tiie curved ridge 
waveguide solution adopted, a fibre loop solution is technically inferior in a number of 
30 respects. First, tiie inherent coupling losses into and out of tiie fibre would be much 
higher. Second, tiie actual coupling losses may be still higher since the aUgmnent for 
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pigtailing is likely to be imperfect In any case, pigtailing is a relatively onerous 
procedure in comparison to the etch solution of the present embodiment. Third, 
optical fibres have a minimn m bend radius of about 5 cm, so that a considerable 
amoxmt of space is taken up beside the chip. The small radii on-chip ridge waveguide 
5 sections of the present embodiment offer a far superior technical solution. 

Figure 9 is a schematic plan view of an add-afler-drop filter according to 
another embodiment of the invention, the features of which, will be generally 
understood from the above description of the previous embodiment. In the prior art 
[5a], an add-after-drop filter based on a cascade of Mach-Zehnder (MZ) 

10 interferometers is a known device which has a long length and thus requires a large 
chip. Utilising tiie hybrid buried/ridge waveguide structure described above, this 
conventional device can be made shorter, as illustrated. The oixly structural difference 
of this embodiment in comparison to the previous embodiment is that the outside 
buried channels of the two MZ cascades are not wrapped aroxmd by a ridge section, 

15 but rather fed to the chip edge as DROP and ADD lines. The buried inner chaimels 50 
of the two MZ cascades are wrapped arbimd by a ridge section 60 as shown in Figure 
2, as in the previous embodiment Appropriate linear transition sections 70, as shown 
in Figures 3 and 4, connect the buried sections to the ridge sections. The device has 
four ports (INPUT, DROP, ADD, THROUGH^. The upper MZ cascade forms the 

20 drop part of Uie device and the lower MZ cascade forms the add part 

Figure 10 is a cross-section througji the folded end of the device, as uidicated 
by the section line X -X" in Figure 9 and shows the single ridge waveguide of the U- 
bend interconnecting the two inner buried channels of the MZ cascades. 

The general comments made above in relation to the embodiment of Figure 7 

25 apply to the Figure 9 embodiment, but are not repeated for the sake of brevity. 

Figure 1 1 is a schematic drawing representing a generalised structure of first 
and second integrated optical circuits 80 and 90 realised in buried planar waveguide 
technology interconnected by a plurality of elevated ridge sections 50 (three in the 
figure) of the kind previously described. The purpose of this figure is to emphasise 

30 that the present invention may be applied to an arbitrary optical circuit and is in no 
way limited to the MZ device examples described above. Two or more arbitrary 
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optical circuits may be thus joined together on the same chip with low-loss tight bends, 
thus avoiding the need for optical fibre or fiee space connections, or excessively long 
chips. It will also be appreciated that the optical circuits 80 and 90 may be a mixture 
of buried waveguide sections, non-buried waveguide sections and other optical 
5 elements, and need not be purely composed of buried waveguide sections. 

Figure 12 is a cross-section through the end of the device, as indicated by the 
section line X"-X" in Figure 11 and shows the three ridge waveguides of the 
interconnect between the two arbitrary optical circuits 80 and 90. 

Figures 13 shows an add/drop "filter such as is useful for WDM systems 
10 according to another embodiment In this embodnnent, the add/drop filter is in the 
form of a ring resonator. The specific parameter values given in these figures are 
example values for glass on siUcon technology. The figure shows schematicaUy the 
general form of the ring resonator device in plan view. The general form will be 
familiar from the prior art [2][3][4]. Namely, the device comprises a waveguide ring 
15 100 arranged to Ue within first and second input/output waveguide rails 102 and 104, 
the ring 100 having first and second circumferential portions that are approached 
tangentially by the first and second waveguide raHs respectively to form two couplers 
both of the same coupling strength Kc which is 5% in the example given. 

The arrangement functions as an add/drop filter as indicated in tiie drawing 
20 with the example of a 4-channel WDM input signal INPUT havmg wavelength 
channels Xi, X,2, X3, U input to the left end (as viewed in the figure) of the lower rail 
104 viiich has one channel ^3 dropped by the resonator ring to output as an output 
signal DROP from the left end of the upper rail 102, while the other three channels X,i, 
X2, U continue along the lower raU 104 to be output from the right end thereof as an 
25 output signal THROUGH. A channel X3' may be added by input into the upper rail 
102 from the right side of the figure to output with the THROUGH signal. 

The device incorporates the teachings of the invention through its hybrid 
buried/ridge waveguide stracture. This is iUustrated schematically in the figure 
through the hatched regions, which mdicate an etched surface level of the chip. Away 
30 from the couplers, the ring 100 has a tight bend radius, R==90 microns in the specific 
example, and is made of a ridge structure, similar to that shown in Figure 2, but curved 
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(see labelled section "A" in Figure 13). As the couplers are approached, the ridge 
structure tapers out from both sides of the ring through widening of the lateral 
cladding, siioilar to what is shown in Figure 3 and 4, but curved (see labelled section 
"C" in Figure 13). In other words, two opposed transition regions of tiie kind 
5 described further above with reference to Figures 3 and 4 are formed. The lateral 
cladding tapers out so that at or slightly before the coupling point the waveguide is 
effectively a buried waveguide structure, as illvistrated in Figure 1 (see labelled section 
"B" in Figure 13). The' buried coupling sections have a length Lace- As will be 
xmderstood from the discussion of Figures 1 to 6 above, the coupling sections are 
10 buried in the sense tiiat the lateral cladding is made sufiBciently wide around the 
coupUng point to ensure that the waveguide modes have substantially fully decayed 
within the lateral cladding. 

In the transition region and subsequent buried-waveguide coupling region, the 
bend radius of the ring is gradually increased to reach a value of R=5 mm at the 
15 coupling point (which is over 50 times greater than the bend radius m the ridge 
section). Exemplary refractive index values for the core and cladding materials are 
1.4967 and 1.4552 respectively, in the case of silica materials. The free spectral range 
(FSR) of the example ring is 100 GHz. The device can be used as an add/drop filter in 
a 25 GHz spaced dense WDM (DWDM) system. Alternatively, the device could also 
20 be used as an interleave, i.e. a device that separates odd from even channels in a WDM 
system, in a 50 GHz spaced DWDM system, or to remove noise components 
accumulated between channels in a 100 GHz spaced WDM system. 

The hybrid ridge/buried waveguide design thus allows a ring resonator 
operable for WDM at 1.3 or 1.55 miorons to be made with large-feature-size glass-on- 
25 silicon technology. (In the i)rior art, a device with similar operational specification 
would required use of small-feature si2x technology, such as GaAs). The coupling 
regions are formed by large radius bends in buried waveguides, whereas the ring can 
be made small enough to provide a free spectral range (FSR) large enough to satisfy 
the wavelength specifications of WDM by having a smaU bend radius, which is one to 
30 two orders of magnitude smaller than the bend radius at the coupler. This is made 
possible by the device's post-etched ridge structure in which the waveguiding core 
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extends uninterruptedly , and in the same plane tfaxough both ridge and buried parts of 
the ring. Hie prior art alternative solution [2] to the present approach is to use a 
strongly confined ridge waveguide throughout the device, in which case the 
dimensions of the waveguides become smaller and the couplers are more difficult to 
5 fabricate. For example, m reference [2], the waveguide has width 0.5 microns and 
thickness 0.45 microns. By contrast, in a specific example of the present embodiment, 
the corresponding waveguide dimensions are width 4.5 microns and thickness 5 
microns. With this order of magnitude increase in dimensions, propagation losses 
arisii^ ftom any roughness m the etched surfaces are not problematic. 
10 Figure 14 shows another ring-based add/drop filter for WDM appUcations 

according to a fijrther embodiment With reference to Figure 13, it will be understood 
that the device of Figure 14 is a two-ring version of the device of Figure 13. It is noted 
that the additional coupler between the rings is made without transition regions and 
burying, since its coupling coefficient can be made very smaU (1% is the example 
15 value indicated in the figure). The other coiq)lers to the mput/output waveguide rails 
are as m the Figure 13 device, with transition regions leading to fully buried coi^ling 
sections of length Ucc. The example values for tiie coupling coefficients of these 
couplers is 15%. The labelling "A". "B" and "C" in Figure 14 corresponds to that of 
Figure 13. It wiU be appreciated tiiat more tiian two rings could also be used in further 
20 embodiments with a suitable choice of coupling coefficients etc, for example to 
provide particular filter shapes. The fi«e spectral range (FSR) of tiie example rings is 
100 GHz. The device can be used as an add/drop filter in a 25 GHz spaced dense 
WDM (DWDM) system. Alternatively, the device could also be used as an interleave, 
i.e. a device that separates odd fix>m even channels in a WDM system, in a 50 GHz 
25 spaced DWDM system, or to remove noise components accumulated between 
channels in a 100 GHz spaced WDM system. 

Figures 15A, 15B, 15C and 15D show schematic sections of four further types 
of buried waveguide shapes in which the invention may be embodied, in addition to 
tiie rectangular buried waveguide shown in Figure 1. Figure 15A shows a shape of a 
30 nominally rectangular buried waveguide in which the annealing process has 
transformed tiie rectangular sh^e into a smooth domed shape. This is not uncommon 
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vvith some types of processing. Figure 15B shows a buried waveguide structure 
usuaUy referred to as a rib waveguide in the art Figure 15C shows another buried 
waveguide structure which is usuaUy referred to in the art as an inverse rib waveguide. 
Both the rib and inverse rib structures are buried below an upper cladding layer. 
5 Figure 15D shows a buried waveguide structure with no cladding layer, the core lying 
directly below the upper surface of the waveguide structure. This structure may be 
termed as a suifece waveguide structure. Alternatively, a thin cladding layer may be 
included havmg a thickness less than the waveguide mode penetration depth (not 
shown). A cladding layer can be omitted, since lateral confinement is sufficient to 
10 provide the desired effects, as wiU be understood firom the above. Further waveguide 
shapes may be envisaged. 

Although the invention has been described with reference to two main kinds of 
device, namely MZ cascades and ring resonators, it will be understood that the basic 
sub-components explained with reference to Figures 1 to 4 can be used to make any 
15 number of optical waveguide devices having a hybrid buriedWeguide structure. 
Moreover, it will be appreciated that tapered transition sections, although beneficial, 
could be dispensed with for devices that do not require minimisation of losses. If 
provided, the geometrical profile of the transition between ridge and buried sections 
can be chosen quite fteely, but whatever profile is used it should be such that the 
20 modal field of the first waveguide is adiabatically adapted to that of the second 
waveguide if losses are to be minimised. 

Further, although the above examples give parameter values for silica (or other 
glass) on silicon technology, the hybrid buried/ridge waveguide concept explained 
herein can be appUed to planar waveguide technology of any materials system. The 
25 basic idea of a transition between two waveguides having different lateral confinement 
of the optical modal field achieved by lateral interfece or surfece structuring in a 
common planar structure is applicable to any planar febrication technique in which 
surface stmcturing is possible, whether it be by etching, self-organised growth, micro- 
machining or whatever (e.g. siUcon-on-siUcon, lithium niobate, HI-V semiconductor 
30' etc.). The surface stracturing may be by post-processing (e.g. etching, micro- 
machining) or m situ processing during waveguide deposition (e.g. self-organised 
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growth). However it is achieved, the lateral surface or interface structuring serves to 
vary locally the optical properties of the waveguides in the direction transverse with 
respect to the propagation direction to allow a mixture of high and low reftactive index 
contrast waveguides sections to be fabricated in a common core as part of a single 

5 integrated optical device. 

Moreover, as already mentioned above, although the embodiments have been 
explained mainly in terms of an air-bounded structure, the ridge sections could also be 
covered with a solid state material of suitably low refractive index. This might have 
advantages for stabilising or passivating the device, or simply protecting the transition 

10 and ridge waveguide sections. If a filling material is used, there is the requirement that 
it has a suitable refractive index to provide a sufficiently high lateral index contrast in 
the ridge waveguide sections. 
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CLAIMS 

1. An optical device comprising a waveguide having a core extending in a plane 
between a bmied section of the waveguide lying below an upper surface of the optical 

5 device and a ridge section of the waveguide having side surfaces extending below the 
upper surface beside the core, thereby to provide enhanced lateral confinement of 
waveguide modes in the ridge sectioiL 

2. An optical device according to claim 1, wherein the ridge section of the 
10 waveguide comprises lateral cladding between the core and the side surfaces of the 

ridge section. 

3. An optical device according to claim 2, wherein the lateral cladding in the 
ridge section has a width of between 0.1 and 1 microns. 



15 



4. An optical device according to claim 1, wherein, in the ridge section of the 
waveguide, the core extends laterally to the side surfaces of the ridge section. 



5. An optical device according to any one of the preceding claims, comprising a 
20 transition section interconnecting the buried and ridge sections, the transition section 

comprising lateral cladding having a width that inoreases from the ridge section to the 
buried section to increase the effective refractive index of the fundamental mode of the 
waveguide from a lower value in the ridge section to a higher value in the buried 
section. 

25 

6. An optical device according to claim 5, wherein the cladding width is varied 
adiabaticaUy in the transition section, thereby to suppress transition losses. 

7. An optical device according to any one of the preceding claims, wherein the 
30 core describes a bend in the ridge section of the waveguide. 
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8. An optical device according to any one of the preceding claims, wherein the 
waveguide is single mode both in the buried section and the ridge section. 

9. An optical device according to any one of claims 1 to 8, further comprising an 
5 upper cladding layer arranged between the upper surface and the core. 

10. An optical device according to any one of claims 1 to 8. wherein tiie buried 
section Ues directiy below the iq>per surface 

10 11. A method of febricating a waveguide structure starting from a buried 
waveguide structure comprising a buried waveguide core lying below an upper 
surfece, the method comprising removal of parts of the buried waveguide structure 
beside the core to form a ridge contaming the core, thereby creating a hybrid 
buried/ridge waveguide structure having a continuous common core witii enhanced 

1 5 lateral confinement of waveguide modes in the ri^e. 

12. Amefliodaccordingtoclaimll.whereintiieridgecomprisesabend. 

13. An optical device comprising first and second cascades of Mach-Zehnder 
20 interferometers implemented m respective first and second buried waveguide 

structures and an interconnecting ridge waveguide structure sharing a common core 
with the first and second buried waveguide stinrctures and describing at least one ridge 
waveguide bend. 

25 14. An optical deface according to claim 13, wherein the bend is U-shaped to 
provide a half turn, with the first and second cascades bemg arranged side by side. 

15. An optical device according to claim 13 or 14, wherein the ridge waveguide 
bend has a radius of between 200 microns and 5 cm, more especially of between 1 mm 
30 and 1 cm. 
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16. An optical device comprising first and second linear waveguides and at least 
one ring waveguide arranged therebetween so as to form first and second couplers with 
the first and second linear waveguides at respective first and second tangential 
coupling regions comprising first and second coupling sections of the at least one ring 
5 waveguide and adjacent first and second coiipling sections of the first and second 
linear waveguides, wherein the first and second coupling sections of the ring and linear 
waveguides are buried, whereas further sections of the at least one ring waveguide are 
ridges. 

10 17. An optical device according to claim 16, wherein the further sections have a 
bend radius at least five times larger than a bend radius of the coupling sections of the 
at least one ring waveguide. 
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Fig. 10 
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Fig. 11 
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Fig. 14 
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